We consider the decay modes of the heavy q ′q′ bound states originating from Higgs boson exchange between quark -anti-quark pair. In case of a small coupling between the fourth and lower generation the main decay mode is q ′q′ annihilation. We show that for a vector state the dominant decay modes are Higgs-gamma and Higgs-Z decays, while for a pseudoscalar state the strong twogluon decay mode dominates. The bound states are very narrow. The ratio of the total width to the binding energy is less than 1% if we are not extremely close to the critical quark mass where the binding energy is very small. The discussed decay modes exist for any fermion-antifermion bound states including heavy leptons and heavy neutrinos if their masses are high enough to form a bound state due to attractive Higgs boson exchange potential.
I. INTRODUCTION
It is generally claimed that the Standard Model (SM) comprises three generations of fermions. However, many fundamental problems do not find an answer in this framework, and a possibility of additional massive fermions, such as a new sequential family of quarks, is currently among the models in the spotlight of experimental searches at the LHC (for an overview, see, e.g., [1] ). Besides its phenomenological relevance, the Standard Model with a fourth generation can also serve as a template for new physics models for which the unitarity of the 3 × 3 CKM matrix might be violated [2] . Despite the absence of hints in experimental searches, there is currently a renewed interest in the fact that new fermion families are still allowed by the electroweak precision constraints if additional parameters are considered [3] .
The strength of the attraction between heavy particles due to the Higgs boson exchange increases with the particle mass. This may lead to formation of a new type of bound states [4, 5] . The Higgs-induced bags made of heavy fermions and bosons have been considered in numerous publications -see, e.g., [ 6 -30 ] . In this paper we shall discuss some exotic decay modes of the simplest bound states -qq-color singlet states, although these decay modes exist for bound states of heavy leptons as well. The decay of color-octet states was discussed in ref. [31] .
II. VECTOR STATES
Since the mass difference between t ′ and b ′ quarks is expected to be less than W mass [32] , and the CKM matrix elements between the fourth and lower generations could be small [3] , the main decay channels are the annihilation ones.
A. Strong Decays
A strong decay width for S = 1 states is given in lowest order in α s by the well known three-gluon width:
Here α s is the strong QCD constant at the scale ∼ m f and Ψ(0) is the wave function of qq-bound state at the origin. 
where ch stands for Hγ or HZ, M ch (p, k) is the annihilation amplitude of a free quarkantiquark pair with the relative momentum p and the momentum k of γ-quantum or Z boson. Φ(p) is a Fourier component of the spatial wave function of a qq-pair in the quarkonium. For a non-relativistic system
where
is the spatial wave function at the origin, r = 0. For Hγ decay the amplitude M Hγ (p, k) is equal to
Here G F is the Fermi constant, m f is the quark mass, and e q is the quark electric charge. p and p ′ are the 4-momenta of the quark and anti-quark, k is the 4-momentum of the emitted γ-quantum, and ǫ where we introduced the polarization vector ofbound state
M is the mass ofstate, σ 1 and σ 2 are the spin projections of the quark and the anti-quark.
With this amplitude for the Hγ-decay width we obtain
where α is a fine structure constant, and m H is the Higgs mass.
Both widths, Eq.(1) and Eq(6), are proportional to |Ψ(0)| 2 , therefore their ratio does not depend on details of the wave function and can be used to estimate the importance of the Hγ-decay mode. In Fig.(1) we plot the ratio R γ = Γ Hγ /Γ ggg for t ′t′ quarkonium as a function of fermion mass for the Higgs mass m H = 125.3 GeV within an interval of the fermion mass 500 − 1000 GeV. Obviously, the Hγ-decay mode dominates in the whole mass interval. The ratio in Fig.(1) was calculated for t ′ quarkonium. For b ′ quarkonium the ratio is smaller by a factor of 4 according to the electric charge of b ′ .
The absolute value of the Hγ-width for t ′ quarkonium is plotted in Fig.(2) . In calculations we used the hydrogen type trial wave function from [5] .
with the parameter q found by minimization of the binding energy. The binding energy of the system can be written as
where V rel and V rad represents relativistic and radiative corrections, respectively. The exact expressions of all the operators in (8) can be found in [5] . We will present the results for their values averaged over the wave function (7):
f /4π, ν = 11 for 4G quark -the number of heavy fermions in the polarization loop and coefficient γ is given by the following expression:
Minimizing the binding energy Eq. (8) with respect to parameter q in the trial function
Eq. (7) we obtain both the variational binding energy and the variational wave function used in Eqs. (1, 6) . The simple non-relativistic approach can be used for quark masses m f ≤1000
GeV. For heavier masses relativistic effects become significant.
The amplitude of the HZ-annihilation of free quarks is given by the equation: where θ W is the Weinberg angle. At p = 0 the axial current does not contribute and the amplitude Eq. (15) differs from Eq. (5) just by a factor and kinematics of massive Z boson
Here E k is the Z-boson energy. With this amplitude the Higgs-Z decay width for t ′t′ quarkonium is of the following form:
The ratio
as a function of fermion mass is plotted in Fig.(3) . The Higgs-Z width is about one order of magnitude smaller than the Higgs-gamma width. The suppression comes from the factor ( The ratio of the total width to the q ′q′ binding energy for the vector state is shown in Fig.(4) . In the whole mass interval the ratio is smaller than 1%, therefore, in case of small mixing with lower generations, the vector bound states are long lived.
III. PSEUDOSCALAR STATES
For pseudoscalar states the main decay mode is the two-gluon one. The decay into two gammas or two W-bosons is much smaller. The width for decay in two W-boson is At all fermion masses in the discussed range Γ 2W ≈ 0.003Γ gg . Therefore, the total annihilation width is small compared to the binding energy and 1 S 0 states are also long lived in case of small mixing.
IV. CONCLUSIONS
We discussed new decay modes for bound states of heavy q ′q′ -pair. In the absence of strong mixing with lower generations, annihilation to Higgs-γ and Higgs-Z dominates the annihilation into hadrons for 3 S 1 states. Detection of a single high energy γ-quantum can be a clear signal of creation the heavy bound q ′q′ pair. For 1 S 0 state, decays to Higgs boson in final states are suppressed. The allowed decay is to W-pair. However, its width is small compared to annihilation into hadrons. In both cases the total annihilation width is small compared to binding energy, therefore the bound states are long lived. It is worth to say that the discussed decay modes exist for any fermion-antifermion bound states including heavy leptons and heavy neutrinos if their masses are high enough to form a bound state due to attractive Higgs boson exchange potential.
